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Abstract
Wepresent a study of themagnetoresistivity of thinﬁlmMnSi in highmagnetic ﬁelds.We establish
that themagnetoresistivity can be understood in terms of spinﬂuctuation theory, allowing us to
compare our data to studies of bulkmaterial. Despite of a close qualitative resemblance of bulk and
thinﬁlm data, there are clear quantitative differences.We propose that these reﬂect a difference of the
spinﬂuctuation spectra in thinﬁlm and bulkmaterialMnSi, and discuss possible causes.
1. Introduction
The cubic helimagnetMnSi has intrigued researchers in the ﬁeld of solid statemagnetism for over half a century
[1–3]. Thematerial, belonging to the class ofB20 compounds, was originally studied in the context of spin
ﬂuctuation theory [4, 5]. Later, the pressure induced suppression of helicalmagnetic order (TN=29 K at
ambient pressure) became the focus of studies in the context of quantum criticality in itinerant d-metals [3, 6].
Finally, it was noted that the early-reported ﬁeld-inducedA-phase inMnSi [4] does represent a skyrmion lattice
phase [7], this way establishing thematerial as amodel compound for studies of skyrmion physics.
Especially in the latter context of skyrmionics, in recent years various efforts have been undertaken to grow
MnSi thinﬁlms. Conceptually, the idea is based on the notion that skyrmionic phases should be energetically
favored in two-dimensional structures. Hence, in order to study skyrmionic properties in solid statematerials,
thinﬁlmMnSi has been a prominent candidate to perform corresponding studies [8–29]. Surprisingly, while
these studies brought various insights into the relationship of the properties of thin ﬁlmMnSi and the
corresponding bulk behavior, there are also a few quite striking differences.
First of all, in comparison to bulkmaterial, thinﬁlmMnSi undergoes a transition into a helicalmagnetic
phase belowTN∼45K [8–29]. This enhancedTN is attributed to the tensile strain in theMnSiﬁlm, exerted by
themismatch of the lattice parameters ofMnSi and the underlying Si substrate. Effectively, it leads to a state of
negative pressure in thinﬁlmmaterial, with the bulkTN recovered if the ﬁlms are pressurized [20].
Moreover, the structural anisotropy induced by the tensile strain affects the in-ﬁeld properties, leading for
instance to an increased criticalﬁeldBC into themagnetically polarized state [16].Most strikingly, as yet there is
no direct experimental evidence for a skyrmion lattice phase for the so-called out-of-plane geometry in thin ﬁlm
MnSi. Aswell, there is noﬁnal consensus if this ‘non-observation’ of a skyrmion lattice is an intrinsic or extrinsic
property. On the one hand, it was argued that the effective negative pressure and pressure induced anisotropy
drives thin ﬁlmMnSi into a parameter rangewhere a skyrmion latticewould not be stable anymore [10]. On the
other hand, the thin ﬁlms—even if grown epitaxially—arise from island growth on the Si substrate. This results
inmerohedrally twinned thinﬁlms, i.e., theﬁlms contain left- and right-handed crystallites. In this situation, the
corresponding skyrmionswould have opposite sense of rotation, andwould annihilate uponmeeting.Here, the
lack of observation of a skyrmion latticewould be extrinsic, as it results from the non-mono-chiral character of
theﬁlms.
The difference in behavior of thin ﬁlm and bulkMnSi begs the question if they can be related to fundamental
material properties. BulkMnSi is a prime example of a system, where spinﬂuctuation theory has been invoked
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issues such as the inﬂuence of residual disorder in the ﬁlms, structural low- (two)-dimensionality or the
effectively negative pressure possibly becoming relevant. Therefore, we have set out to perform a highﬁeld
magnetoresistivity study of thin ﬁlmMnSi. In our approach, we closely follow in procedure and compare our
data to a seminal study of themagnetoresistive properties of bulk single crystallineMnSi [4]. Based on the
comparison, we discuss the electronic properties of thin ﬁlmMnSi in terms of spin ﬂuctuation theory.
2. Experimental
For the highmagnetic ﬁeld studies, two epitaxial grownMnSi thinﬁlms (thickness sample#1: 10 nm; sample
#2: 30 nm)were synthesized bymolecular beam epitaxy on [111] Si-substrate as described previously [29].
Previously, we have extensively characterized thinﬁlmsMnSi produced in thismanner both structurally and
magnetically by various experimental techniques such as RHEED, TEM,AFM,magnetization/susceptibility and
resistivity [13, 16, 20, 29]. Regarding their structural properties, the thinﬁlms form as layers of preferentially
orientedMnSi domains, reﬂecting an island like growth process of the ﬁlms. The lateral domain size is
determined to the order of up to 100 nm,while theﬁlms areﬂat with a roughness∼1 nm. Themagnetic
properties of theﬁlms have been established to fully correspond to those reported for instance in the [8, 12, 20],
where evidence has been presented that tensile strain substantially affects the properties of thinﬁlmMnSi. To
enable a direct comparison betweenMnSi thin ﬁlms andMnSi bulkmaterial regarding themagnetotransport
properties theMnSi thin ﬁlm samples weremicro-structured by electron beam lithography (see [29]). This
allows resistancemeasurements with a conventional four point AC-method in the same geometry as for bulk
material. The structures are 50 μmwide and the voltage leads have a distance of 70 μm.
The highmagnetic ﬁeldmeasurements were performed on the thin ﬁlm samples at the LaboratoireNational
des ChampsMagnétiques Intenses inGrenoble, France. Themagnetoresistivity wasmeasured at various
temperatures in a range between 3 and 100K in an externalmagnetic ﬁeldB up to 24T. For both samples the
externalmagnetic ﬁeldwas applied perpendicular and parallel to the sample current I (B⊥ I andB P I). In the
former conﬁguration, theﬁeldwas applied out-of-plane, in the latter in-plane.
For direct comparison to the results from [4], we also studiedMnSi bulk crystals synthesized by the
Czochralski tri-arcmethod. The single crystals have been characterizedwith respect to their essential physical
properties as described below. The transversemagnetoresistivity (B⊥ I) of the bulk samples was determined in a
temperature range between 2 and 100K in an externalmagnetic ﬁeld up to 8 T. In addition the zero ﬁeld
resistivity of all samples wasmeasured in a temperature range between 2 and 300K.
3. Results
Inﬁgure 1we plot the zero ﬁeld resistivities of our bulk and thin ﬁlm samples. Qualitatively, the overall behavior
is similar to that reported previously for single-crystalline and thinﬁlmmaterial. For both types of systems,
overall there is ametallic temperature dependence, with an anomaly at the transition atTN into the helical state, a
T2-like behavior belowTN and some rounding of the resistivity aboveTN attributed to spinﬂuctuations on top of
the phononic resistivity. In detail, however, there are a few issues to be noted.
First, while all single crystalsMnSi have the same transition temperatureTN=29 K into the helimagnetic
state (also veriﬁed by susceptibilitymeasurements, not shown) and exhibit a similar temperature dependence of
the resistivity ρ, absolute values of ρ vary bymore than an order ofmagnitude. It suggests that the determination
of the absolute value of ρ is affected by cracks in the single crystalline samples. Then, in terms of characterizing
the crystalline quality of our bulk samples, instead of the residual resistivity ρ0 the bestmeasure is the residual
resistivity ratio (RRR) here deﬁned as r r300K 2K.We ﬁnd values RRR for sample#3: RRR=15,#4: RRR=42
and#5: RRR=104.We thus conclude that sample#5 has the highest crystalline quality, even though the
room temperature resistivity is nonphysically highwith 1700 μΩcm. For comparison, from the experimental
data published in [4]we estimate a value RRR for the crystal studied in that work of the order of 60. Nowadays,
forMnSi, in general a RRRof the order of 100 is taken to signal a ‘good sample quality’ [30].
Second, for the thinﬁlm samples weﬁnd transition temperaturesTN=45K into the helimagnetic state,
consistent with previous reports [8–29]. Only, at high temperatures bothﬁlm samples exhibit a downturn of ρ,
different from the single crystal behavior. As we have demonstrated in [29], the downturn arises from a
breakdownof a Schottky barrier between thin ﬁlmMnSi and the Si substrate. In result, at high temperatures the
MnSiﬁlm is shortcut by the substrate, leading to the downturn in ρ.We note that—while we need to keep aware
of these experimental artifacts—theywill not affect themagnetoresistive behavior reported below, as we can use
normalized representations of themagnetoresistive behavior andwe discuss only low-temperature data not
affected by the shortcut.
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Subsequently, we have carried out an extensive run ofmagnetoresistivitymeasurements. As an example, in
ﬁgure 2we plot themagnetoresistivityMR deﬁned as ( ( ) ( ) ( )r r r= - = =MR B T B T B T, 0, 0, in
transversemagnetic ﬁeldsB up to 24 T at temperatures between 3 and 100 K for the 30 nm thick sampleMnSi.
Qualitatively and semiquantitatively, as will be documented below, the general behavior reported here for the
30 nm sample in transverse geometry is similarly seen for the 10 nm sample and the second ﬁeld alignment.
For low temperatures, themagnetoresistivity exhibits an inverted S-shaped behavior which is easily
saturated in a fewT. As temperature is increased up toTN, theMR increases as well and the inverted S-shaped
behavior broadenswithout reaching saturation. Finally, aboveTN only the downward curvature of the
µMR B2 remains from the inverted S-shaped character, with the overall size of theMR being reduced again
relative to the signal close toTN in theﬁeld range covered.
From the data presented inﬁgure 2, to directly compare to [4]we construct the temperature dependence of ρ
in transversemagnetic ﬁelds up to 24 T for the 30 nm thick sampleMnSi (plotted inﬁgure 3). Qualitatively, the
behavior is similar to that reported in [4] (see ﬁgure 6 therein), with a suppression of the resistivity inmagnetic
ﬁelds over awide temperature range and the largest effect close toTN.We note that the critical ﬁeld of the helical
phase ofMnSi is about 1 T, accounting for the observed disappearance of the kink in the resistivity in the
magnetic ﬁelds plotted here. Of course, the qualitative similarity in behavior of single crystal and thinﬁlm
material holds as well for themeasurements of the 10 nm sample and the second ﬁeld alignment (not shown).
The interpretation of themagnetoresistivity ofMnSi has invoked the suppression of spin ﬂuctuations in
magnetic ﬁelds. These spin ﬂuctuations are present over a verywide temperature range. A different approach to
Figure 1.Zero ﬁeld resistivity of different samplesMnSi (#1: thin ﬁlm 10 nm thickness,#2: thin ﬁlm 30 nm thickness,#3: bulkwith
RRRof 15,#4: bulkwith RRRof 42,#5: bulkwithRRRof 104); for details see text.
Figure 2.Magnetoresistivity in transversemagneticﬁelds up to 24 T for a 30 nm thin ﬁlmMnSi; for details see text.
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illustrate this effect is to present the data in formof contour plots, as we do inﬁgure 4 for the data fromﬁgure 2,
including here also themeasurements for the parallel ﬁeld alignment. In this representation, the color coding
reﬂects the size of themagnetoresistivity, which nicely illustrates themost pronounced negative
magnetoresistivity to occur close toTN.
Interestingly, the contour plot demonstrates that there is some asymmetry in themagnetoresistivity. The
MR is somewhat stronger at temperaturesT<TN than atT>TN. If theMRwould just reﬂect the suppression
of spin ﬂuctuations, onewould naively argue thatmagnetic order already removes some of the spin ﬂuctuations,
as it is indicated by the downturn of the zero ﬁeld resistivity atTN. Then, for a normalized quantity as theMR this
should showup as a comparatively smaller signal, if compared to a situationwere no spin ﬂuctuations have been
removed in zeromagnetic ﬁeld. Therefore, the asymmetry would be expected to appear as a strongerMR above
TN, as it has been shown for instance for the itinerant weak ferromagnetNbFe2 [31].
In fact, correspondingmagnetoresistivitymeasurements on single crystallineMnSi (nowup to only 8 T) are
more in linewith the observationsmade for single crystallineNbFe2. This is illustrated inﬁgure 5, wherewe
display a contour plot of theMR of sample#5 in the same fashion as the thin ﬁlm data.Here, the asymmetry in
Figure 3.Resistivity in transversemagnetic ﬁelds up to 24 T for a 30 nm thinﬁlmMnSi; for details see text.
Figure 4.Contour plot of themagnetoresistivityMR in transverse and parallel magneticﬁelds up to 24 T for a 30 nm thin ﬁlmMnSi;
for details see text.
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themagnetoresistivity is clearly tilted towards temperaturesT>TN, reﬂecting a stronger suppression of spin
ﬂuctuations in the paramagnetic phase. Altogether, while the overallmagnetoresistive behavior of bulk and thin
ﬁlmmaterial exhibits a strong resemblance, there seem to be residual subtle differences in some aspects. If these
subtle differences are extrinsic or intrinsic is not entirely clear. It seems conceivable that a distribution of
transition temperatures in theﬁlms causes a smearing of themagnetoresistive features towards lower
temperatures, and thuswould be the result of a somewhat larger structural inhomogeneity inﬁlms than in single
crystals.
Finally, to illustrate the similar behavior seen for both our samples, inﬁgure 6we present the contour plots of
themagnetoresistivity for the 10 nmﬁlm.Overall, there is a close similarity for all data sets, be it that the
magnetoresistive effects are somewhatweaker for the 10 nm sample compared to the 30 nmﬁlm. This simply
reﬂects the larger zero ﬁeld resistivity of the 10 nm sample, whichwill reduce the overall signal size of theMR (see
ﬁgure 1).
4.Discussion
So far, experimentally we have demonstrated two points: (a.)There is basically no difference in the
magnetoresistive response ofﬁlmsMnSi with different thickness and for different ﬁeld directions. Thus,
structurally theﬁlms are still in a 3D-limit, consistent with the argument that size effects induced by the ﬁlm
thickness only occur below∼10 nm thickness [13]. Aswell, the negligible difference between longitudinal and
transversemagnetoresistivity likely reﬂects themorphology of ourﬁlms, i.e., epitaxial growth ofMnSi islands
with a typical diameter of∼50 nm [29]. A signiﬁcant scattering contributionwill thus arise from the grain
boundaries and surfaces, which are present for both experimental geometries. Conversely, effects such as the
existence of skyrmions, domains, Fermi surface anisotropies etc. thatmight lead to a difference of longitudinal
and transversemagnetoresistivity will only have a secondary relevance. (b.)Ona qualitative and semi-
quantitative level there is a close resemblance of themagnetoresistivity of thinﬁlmMnSi to that of single
crystallinematerial.We thus can proceed and carry out a data analysis as has been put forth by Sakakibara et al
[4].
We start by noting that for weakly and nearly ferromagneticmetals the in-ﬁeld dependence of the low-
temperaturemagnetoresistivity can be expressed as [32] ( ) ( )= +R T B R R B T, 0 2 2.R0 is the residual resistance
at 0 K, while the second term reﬂects the spin ﬂuctuation effect of an itinerant weakly or nearly ferromagnetic
material. The factorR2(B) of the spinﬂuctuation term can be determined from theMR data by plotting
( ) -R T B R, 0 overT2. In this representation, at low enough temperatures the quantity ( ) -R T B R, 0 results in
straight lines versusT2, were the slope corresponds toR2(B). Inﬁgure 7we plot the experimental data for the
10 nmﬁlm for selectedmagnetic ﬁelds in this representation, verifying that our approach to analyze the data
Figure 5.Contour plot of themagnetoresistivityMR in transversemagneticﬁelds up to 8 T for a single crystalMnSi, sample#5; for
details see text.
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reproduces our experimental ﬁndings over awide temperature range in a similarmanner as presented in [4].
From linearﬁts of ( ) -R T B R, 0 versusT2 in the temperature range below 30 Kwe thus obtain the quantity
R2(B).
With respect to this type of analysis, since the residual resistivity =RT B, 0 has a temperature dependence
because of phonon scattering, strictly speakingwe should plot ( ) ( )- = µR T B R T B T, , 0 2. In fact, as aﬁrst
approximation, allowingR0 as a free ﬁtting parameter to vary by about 10% slightly improves the ﬁtting, but it
does not affect the fundamental outcome of the data analysis, i.e., the ﬁeld dependenceR2(B).
Next, we follow the argumentation from [4] and plot the normalizedﬁeld dependence of the resistive
coefﬁcient ( ) ( )=R B R B 02 2 inﬁgure 8.We include the data fromour two thinﬁlm samples for bothﬁeld
geometries, from the single crystalsmeasured as references, and the data from [4]. By plotting a normalized
quantity, we circumvent the uncertainties in the determination of absolute resistivity values.
From the plot, it is immediately clear that overall thinﬁlm and single crystal samples exhibit a qualitatively
similar behavior, while quantitatively there are clear differences. First, for single crystallinematerial, and even
Figure 6.Contour plot of themagnetoresistivityMR in transverse and parallel magneticﬁelds up to 24 T for a 10 nm thin ﬁlmMnSi;
for details see text.
Figure 7.Plot for data analysis of themagnetoresistivityMR in parallelmagnetic ﬁelds up to 24 T for a 10 nm thinﬁlmMnSi; for
details see text.
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under consideration of the limited ﬁeld range for the crystalsmeasured here, our data sets reproduce those from
Sakakibara et al [4] on single crystalline samples.With the residual resistivity ratios for the crystals used for this
plot varying by almost an order ofmagnitude, we conclude that disorder does not signiﬁcantly affect the
magnetoresistive behavior.
Aswas pointed out, in high ﬁelds themagnetoresistive behavior of aweakly or nearly ferromagneticmetal
such asMnSi should have aﬁeld dependence evolving like ( ) ( )= µ -R B R B B02 2 1 3 [4, 32]. The solid lines in
ﬁgure 8 visualize such aﬁeld dependence, which to reasonable approximation is fulﬁlled both for single crystal
and thinﬁlmMnSi in a similar highﬁeld range. Consequently, themagnetoresistive response of thin ﬁlmMnSi
can essentially be understoodwithinwhat is nowadays labeled the self-consistent renormalization (SCR) theory
of spin ﬂuctuations [5]. Conversely, the quantitative difference between thin ﬁlms and single crystalsmust
reﬂect a difference of themicroscopic parameters usedwithin SCR theory to describe the spin ﬂuctuations.
More speciﬁcally, bywriting out the expressions for the highﬁeldmagnetoresistivity given in [32], oneﬁnds
that ( ) ( )=R B R B 02 2 is a complex function of variables introduced in SCR theory to parametrize the spin
ﬂuctuations: ( ) ( )= µ cc -R B R B B0 L2 2 1 301 3 , withχ0 the susceptibility of the non-interacting system,χ the
susceptibility of the interacting system, and L an expansion coefﬁcient of themagnetic free energy. Evidently, we
cannot extract unique values for these parameters fromour experiment, and thus cannot uniquely parametrize
the quantitative difference between thin ﬁlm and single crystal data within the language of SCR theory.However,
we note that this difference cannot be attributed to the differentmagnetic transition temperatures, since SCR
theorywould predict that ( ) ( )= µ - -R B R B T B0 N2 2 1 3 1 3, i.e., a largerTN should lead to a smaller prefactor,
contrary to our observations.
At this point, we can only speculate about themicroscopic origin of the different prefactors of the
magnetoresistive coefﬁcient ( ) ( )=R B R B 02 2 in thinﬁlm and single crystallineMnSi. Possibly, it could be
associated to the effective negative pressure in the thinﬁlms. Alternatively, the uni-axial anisotropy induced in
theﬁlms, whichwas argued to substantially affect ﬁlmproperties [10, 19], might causemodiﬁcations of the spin
ﬂuctuation spectra. Oneway to test these notionswould be—for instance—correspondingmagnetoresistivity
measurements under pressure on thin ﬁlmMnSi. If the pressure scenario holds, wewould expect a gradual
transition of themagnetoresistive behavior of theﬁlms towards the bulk behavior with applied pressure [20].
Another line of arguments could be based on considering the assumptions of spin ﬂuctuation theory. The
theory starts out by describing the free energy of amaterial in terms of spin ﬂuctuations. For a thin ﬁlm sample,
however, surface and interface contributions have to be included in the free energy. Thesemight lead to
quantitative changes to the behavior of a system,while there are no overall qualitative changes.
Altogether, we conclude that in terms of spinﬂuctuations thinﬁlm and bulk (single crystal)MnSi can be
understoodwithin the same SCR theoretical framework.Moreover, ourﬁndings imply that thinﬁlms are in a
different spin ﬂuctuation parameter range than bulk (single crystalline)material. The origin of this difference
will need further exploration.
Figure 8. Field dependence of themagnetoresistive coefﬁcient ( ) ( )=R B R B 02 2 of bulk and thin ﬁlmMnSi (#1: thinﬁlm 10 nm
thickness,#2: thin ﬁlm 30 nm thickness,#3: bulkwith RRRof 15,#4: bulkwithRRRof 42,#5: bulkwithRRRof 104); for details see
text.
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